Absrroct-Stick-slip'friction-indueed oscillations appearing in oilwell drillshings are a source of failures which reduce penetration rates and increase drilling operation costs. For this reason, a major pmhkm to solve is modelling the drillshing torsional behaviour and proposing control solutions to help d u c e stick-slip phenomenon. This paper is focused on both prohlems On the one hand, it presents dynamic drillstring models in order to reproduce stick-slip vibrations under different operating conditions. The model used for the torque on the hit is the main difference with respect to other models pmposed in the titeram. On the other hand, some experience-hased control estrstegies are evaluated in order to reduce stick-slip oscillations. These estrategies will use the angular velocity at the drillstring upper part, the torque on the hit and the weight on the hit, proved to have a key importance in the reduction of drillstring torsional vibrations. The conhol appmach followed is a decentralized one, i.e., the angular velocity at the top end of the drillstring and the hit veloeity are controlled separately. The supervisory task is made by the driller.
I. INTRODUCTION
Drillstring vibrations are classified depending on the direction they appear. Three main types of vibrations are distinguished torsional (stick-slip oscillations), axial (bit bouncing phenomenon) and lateral (whirl motion due the out-of-balance of the drillstring). This paper is focused on drillstring stick-slip oscillations. One of the consequences of stick-slip oscillations is that the top of the drillstring rotates with a constant rotary speed, whereas the bit rotary speed varies between zero and up to six times the rotary speed measured at the surface. The mechanism originating this behaviour is now explained.
Downhole conditions, such as significant drag, tight hole, and formation characteristics can cause the bit to stall in the formatinn while the rotary table continues to rotate. When the trapped torsional energy (similar to a wound-up spring) reaches a level that the bit can no longer resist, the bit suddenly comes loose, rotating and whipping at very high speeds. This stick-slip behaviour can generate a torsional wave that travels up the drillstring to the rotary top system.
Because of the high inertia of the rotary table, it acts like a fixed end to the drillstring and reflects the torsional wave back down the drillstring to the bit. The bit may stall again, and the torsional wave cycle repeats. This loading is harmful I, A.P. 14-805.07730 Mexico, D.F., Mexico enavarroaimp .mx R. SuSrez is dso with the PIMAyC-IMP rsuarezaimp .mX not for its amplitude, but due to its cyclic nature. Indeed, stick-slip appears during the 50% of drilling time [3] , [SI, [13] . In addition, the whipping and high speed rotations of the bit in the slip phase can generate both severe axial and lateral vibrations at the bottom-hole assembly (BHA).
Four main kinds of problems can be originated from these vibrations, such as: (i) [IS] , [191, [291. Although the effect of stick-slip vibrations is more significant in bits with polycristalline diamond compact cutters (PDC bits), recent studies have addressed the harmful consequences of torsional, axial and lateral vibrations in roller-cone bits [51.
This paper will he focused on two problems. First, the problem of modelling the drillstring behaviour considering the effect of friction appeared between drillstring components and between the drillstring and the formation. Second, the problem of reducing stick-slip conditions by means of the alignment of different drilling parameters, such as: rotary speed, drilling torque and weight-on-bit (WOB). The approach followed will be of decentralized type and will capture qualitatively driller's expertise. The models used will he ,based on lumped parameter differential equationsbased models.
The problem of modelling stick-slip motion in a drillstring by means of a lumped-parameter model bas been studied from several points of view. Most of them consider the drillstring as a torsional pendulum with different degrees of freedom, for instance: [12] , [16] , [28] propose singledegree-of-freedom models, [I] , [31 propose two-degreeof-freedom models including a linear controller, and [9] , [20] , [27] present two-degree-of-freedom models for the mechanical pan of the system plus the model for the rotary [21] . 4) Introduction of an additional friction at the hit [21] . A more sophisticated control methodology is used in [27] where a linear H , control is used to suppress stick-slip motion at the hit.
This work is focused on the drillstring analysis and the goal is to give some operating recommendations in order to maintain optimal drilling conditions. The next step will he the design of a robust controller.
The paper is organized as follows. Section U presents a model of the drillstring oriented to described stick-slip oscillations. The hithock interaction will he considered as a dry friction leading to a decreasing torque-on-hit with increasing hit mgular velocity for low velocities. A PID control action is added to the model at the top end of the drillstring in order to maintain the top velocity constant. The goal of this control action is not suppressing stickslip oscillations. Section D l shows an altemative model for the drillstring considering a torque-on-hit in the slipping phase which includes a harmonically-oscillating WOB. This model is proposed in [24] and will he compared with the other model presented in this paper for control purposes. Control solutions to the reduction of stick-slip conditions are given in Section IV. Two alternatives are presented on the one hand, a hit-velocity varying WOB, on the other hand, the introduction of a damped vibration absorber at the down end of the drillstring. Some notes on the problem of estimating and measuring parameters at the downhole are also given. Conclusions and comments on future works are presented in the last section.
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DYNAMIC MODELLING OF A GENERIC DRILLSTRING
The drillstring consists of the BHA and drillpipes screwed end to end to each other to form a long pipe. The BHA comprises the cutting device, regarded as hit, stahilizers (at least two spaced apart) which prevent the drillstring from underhalacing, and a series of pipe sections which are relatively heavy known as drill collars. Drillstrings usually include at the top of the BHA a section of heavy-weight drill pipe. While the length of the BHA remains constant, the total length of the drill pipes increases as the borehole depth does so and can reach several kilometers. An important element in the drilling is the drilling mud or fluid which, among others, has the function of cleaning, cooling and lubricating the hit. The drillstring is rotated from the surface by an electrical motor. This section will present a model for describing this physical system. Two main modelling problems have to he distinguished when studying the drillstring behaviour: the problem of modelling the drilling system and the modelling of the rock-hit interaction, which is usually modelled by frictional forces. The rock-hit interaction is simplified by means of a dry friction model. These two problems are considered in Section U-A. In addition, in Section 11-B the model proposed in Section E-A will he combined with a mechanism in order to maintain the top-drillstring rotational speed constant, which is one of the main goals of the driller.
Although the model used is a simplification of the drillstring behaviour, it collects the most important phenomena concerning drillstring torsional vibrations.
A. Model describing drillstring torsional behaviour
The drillstring torsional behaviour is described by a simple torsional pendulum driven by an electric motor and the hit-rock interaction is modelled by a dry friction model. The drill pipes are represented as a linear spring of torsional stiffness k and a torsional damping c which are connected to the inertias J, and Jb, corresponding to the inertia of the rotary table or the top drive and to the inertia of the pipeline plus the inertia of the downhole end, respectively. Jb is usually considered as the sum of the BHA inerlia plus one third of the drill pipes inertia [3] . A dry friction torque plus a viscous damping torque are also considered at the rotary table. See Fig. 1 . The model presented is similar to the ones given in [9] , [20] , [27] with the difference that, here, the dynamics of the top electric motor is not considered and the WOB is included.
Some assumptions are made, such as: (i) the borehole and the drillstring are both vertical and straight, (ii) no lateral hit motion is present, (iii) the rotary top system is supposed to have an angular velocity different from zero (iv) the friction in the pipe connections and between the pipes and the borehole are neglected, (v) the drilling mud is simplified by a viscous-type friction element at the hit, (vi) the drilling mud fluids orbital motion is considered to he laminar, i.e., without tkhulences. Then, the equations of motion are the following ones: ' with 9. the angular displacement of the rotary top system, (Pb the angular displacement of the BHA, T, the drive torque coming from the electrical motor at the surface. T,, Tb for PDC bits and considers the coupling between axial and torsional vibrations. The axial drilltring dynamics is considered through the introduction of the vertical vaying force Wob affecting the bit. The torqueon-bit will depend on an harmonically oscillating w0b and, the modification presented in this work is the addition of a viscous friction term in the torque-on-bit. The expression of the torque-on-bit takes the following form: (9) with Teb(x) as defined in (4). wobo > 0 and 0 < a < I constants. The constant f i b is the friction coefficient. In [24] , W,bo is considered to depend on the hook-on-load.
Model (1) with (7)- (9) and (5) subjected to (6) describes the drillstring torsional behaviour and the ocurrence of stick-slip oscillations. Similarly to model (1)-(4), the model presented in this section captures the fact that an increase of the velocity and a decrease of the WOB make stickslip oscillations disappear. In addition, a phenomenon when ocnrring stick-slip oscillations is captured in this model which did not appear with the torque-on-bit defined by (3)-(4). This phenomenon is the association with stickslip oscillations of a backwards movement at the bit when the transition from stick to slip is presented. See Fig. (4) . Simulations presented below are obtained with the data used in Section U-B.
Drillstring models presented in this section and in Sections ll-A and Il-B will be used for control purposes in the next section.
IV. ESTRATEGIES TO REDUCE STICK-SLIP OSCILLATIONS
Under some drilling conditions, manipulating the electrical properties of the motor at the rotary top system, and consequently, the torque supplied by the motor at the surface may fail to reduce stick-slip oscillations at the hit. That is why more effective solutions to this problem may he in the manipulation of some downhole parameters (for instance, the WOB) or in the inclusion of other devices at the BHA, such as, vibration absorbers in order to dampen torsional vibrations generated at the hit and prevent them from travelling up and hack down the drillstring. This section analyzes these two solutions from a simplified viewpoint. The drillstring models presented in the last two sections are used.
Taking into account the PID control action proposed in Section II-B in order to maintain the velocity at the surface at a desired value and the feedback laws that will he proposed in this section in order to reduce stickslip oscillations, it can be concluded that the resulting control estrategy is a decentralized one. The supervisory task is made by the driller. Two main control goals will be achieved: (i) the velocity at the surface is maintained to a reference value, (i) the bit tracks the surface velocity with a reduction of the BHA sticking.
A. Manipulation of the WOB
From field data experience and from simulations of the models studied, it is concluded that the manipulation of the WO,, can he a solution for stick-slip oscillations even for low velocities a. bcreasing velocities at the rotary top driving system may lead to lateral vibrations, that is why the manipulation of the WOB can be an altemative solution in order to attenuate stick-slip oscillations.
The variation of the WOB is proposed as follows: (IO) can he applied to model (1)-(4) with ( 5 ) subjected to (6) for a drilling parameters combination for which stick-slip oscillations are presented.
This is the case of considering a= 16radls and Woba = 1 N as it is shown in Fig. 3 (IO) and Tb as defined by (7)- (9) . In this case, although stick-slip cycles are suppressed, the oscillating behaviour of c&, may not be desirable (see Fig. 6 ). Other estrategy in order to reduce stick-slip oscillations at the BHA is by means of increasing the damping at the down end of the drillstring. This is can he done, mainly, in two ways: (i) modifying the drilling fluid characteristics, which could he approximated by means of increasing damping coefficient cb: this solution could be not possible in some cases. or (ii) adding some device at the BHA in order to add damping at the BHA. The latter option can he done by means of adding what is regarded as shock sub, which is a shock absorber just above the BHA. This de\ice could he approximated by a spring and a damper connected to the BHA, which can be considered as a damped vibration absorber; the inertia of the shock sub can he considered added to . I 6 .
Then, the torque given by the shock sub is the following one:
(1 1) with k, and c, the torsional stiffness and damping coefficients associated with the shock sub.
Model ( I ) with ( I I ) is rewritten in the following way:
The consideration of the shock sub at the top end of the BHA can reduce the time the drillstring is stuck. Bit velocity behaviour in the transient will depend on the values of parameters k, and c,,. If co and k, are too small. the stickslip motion will not be reduced. The higher k, and c, are, In the case of considering the combination of the two types of estrategies, i.e., the shock sub plus the @I, ' depending WOB (IO) , the reduction of stick-slip motion is also achieved for some values of the parameters Kw, k,, e,.
The transient response of +b is almost the same as the one given for the case of having only the shock sub device. The most significant difference is in the form of control u which is higher than in the case of having only the shock sub. but smaller than in the case of having only the $b-depending WOB.
A formal analysis of parameters K,, k, and co should be done in order to assure the control goals. The key problem to take into account is to choose measurement systems at the surface or at the BHA. Systems combining both BHA and surface measurement systems are the ones with more advantages [l7], [IS] . BHA vibrations detection through surface measurements gives some advantages, such as, high data transmission speed. Its major disadvantage is that due to the fact that the measurement system is far away from the source, the vibration and other variables can be attenuated. That is why BHA measurement systems are preferred and they are regarded as Measure While Drilling (MWD) systems [6].
V. CONCLUSIONS AND FUTURE WORKS
A model describing the torsional behaviour of a generic veliical oilwell drillstring has been presented. This model is a combination of some previous models proposed in the literature. The problem of modelling is divided in two different problems. First, the problem of modelling the torsional behaviour of the drillstring. Second, the problem of modelling the rock-bit interaction originating stick-slip selfexcited oscillations. The rock-bit interaction is represented by the torque-on-bit and is described in two different ways:
(i) by means of a frictional force approximated by a dry driction model which leads to a velocity-weakening torque law at low velocities, (ii) by means of a WOB-depending torque inspired by [24].
In the models presented, some estrategies in order to reduce stick-slip oscillations are applied based on the ma- nipulation of BHA characteristics. Two main solutions are highlighted, First, the variation of the WOB. Second, the introduction of a shock sub at the top of the BHA. These two solutions are modelled by control laws in a simplified way, and are in accordance with experimental field data. The control estrategy is a decentralized one and achieves two main goals: (i) the velocity at the top end of the drillstring is maintained to a reference value, (i) the bit velocity tracks the surface velocity with a reduction of the BHA sticking.
The solurions presented are a first step in modelling either the occurrence or the reduction of harmful drillstring sticking. Drillstrings modelling oriented to the description of mechanical vibrations and the control of them are open research problems. In order to have more realistic models, the consideration of' drillstring length, lateral and axial dynamics and the influence of circulating drilling muds are needed. It is also necessary to make an analysis of the influence of the drillstring length, formation properties and hit characteristics in model parameters which would lead to a robust performance analysis.
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